Tumour therapies targeting EpCAM have been extensively investigated, particularly because the antigen is overexpressed in epithelial tumours, cancer stem cells and circulating tumour cells ([@bib31]; [@bib27]). The therapeutic strategies include both naked antibodies and antibodies armed with a cell killing moiety, for example, cytotoxic drugs or toxins. Immunotoxins (ITs) are bifunctional proteins composed of an antibody and a toxin moiety ([@bib1]). In cancer, the antibody can deliver the toxin to cell-surface antigens expressed on the malignant cells, theoretically leaving normal cells unaffected. When internalised into the cells, the toxin moiety triggers cell death by catalytically inactivating vital processes, such as protein synthesis, and by directly inducing apoptosis ([@bib3]; [@bib4]).

The first-generation ITs consisted of an intact murine monoclonal antibody covalently linked to the whole toxin, later followed by the second generation in which the cell binding domain of the toxin was deleted ([@bib4]). The third generation of ITs consists of recombinant ITs ([@bib4]), supposed to be better tailored to their purpose. Their small size would assure better tumour penetration, and the immunogenic fragments and non-specific targeting moieties were modified. Unfortunately, none of the clinical trials with ITs in solid tumours has so far been successful. The only first-generation IT containing intact Pseudomonas exotoxin A (PE) previously studied in a phase I trial is OVB3-PE ([@bib21]). OVB3-PE was given intraperitoneally to patients with ovarian cancer, but no antitumour activity was observed. The target antigen was found to be expressed also in CNS, and this resulted in dose limiting toxicity (DLT) and even had lethal consequences.

The importance of antibody selection and antigen specificity has been experienced in several clinical trials ([@bib20]), and unanticipated clinical toxicity of many ITs, such as vascular leak syndrome (VLS) and neurotoxicity, seems to be caused mainly by non-specific binding of the targeting antibody ([@bib2]).

The use of native PE linked to mouse monoclonal antibodies has raised critical concerns. Therefore, modified PE, mostly PE38 that lacks domain I, have been preferred. A clinical trial in epithelial tumours with the PE38-based IT, LMB-1, was reported back in 1996. Vascular leak syndrome was the major toxicity ([@bib22]), but antitumour activity for some months was observed in 13% of the patients. Other recombinant ITs have, in spite of promising preclinical results, either failed to generate responses in patients, or caused undesired and sometimes serious side effects (e.g., hepatotoxicity, neurotoxicity, and VLS) and induced a strong human anti-IT antibody response ([@bib4]).

The only FDA-approved IT for systemic use is Denileukin diftitox (Ontak) for treatment of T-cell lymphoma, but it caused several serious adverse events ([@bib19]). During the course of the present study, another EpCAM targeting IT, the recombinant scFv-truncated PE fusion construct VB4-845, was given intravesically in patients with bladder cancer, and intratumorally in head and neck cancer. Some evidence of antitumour effect and limited drug-related toxicity was reported ([@bib18]; [@bib15]), but to our knowledge VB4-845 has not been administered intravenously (i.v.). In retrospect, it is clear that in spite of all technological advances in the development of second and third generation of ITs, they have not fulfilled the expectations, with hepatotoxicity as the most common side effect. We have previously shown that our MOC31PE IT, consisting of a murine monoclonal antibody covalently linked to intact PE, had potent antitumour effects *in vitro* and in animal models ([@bib7]; [@bib3], [@bib2]; [@bib14]; [@bib24], [@bib25]; [@bib10]; [@bib35]).

However, one main limitation with the first-generation ITs is the early development of neutralising antibodies, limiting the efficacy of repeated therapeutic courses. In attempts to overcome this, we tested the combination of the IT and the immunosuppressive drug Sandimmune (cyclosporin, CsA), and found in immunocompetent animals that CsA abrogates the IT-induced immune response. Furthermore, we observed that the combination surprisingly exerted synergistic therapeutic effects *in vitro* and in a nude rat model for cervical cancer ([@bib2]), results that encouraged us to initiate a clinical trial with MOC31PE as monotherapy, followed by a combination study with CsA.

Materials and methods
=====================

MOC31PE
-------

The MOC31 monoclonal mouse antibody (IgG1) recognising the CD326 antigen (EpCAM) was produced and purified to clinical grade by MCA Development, Groningen, The Netherlands. PE was isolated from the fermentation broth of Pseudomonas Aeruginosa PA103, manufactured at University of Ohio, Columbus, OH, USA. The MOC31PE conjugate was produced to clinical grade at Fred Hutchinson Cancer Research Center, Biologics Production Facility, Seattle, WA, USA by conjugating MOC31 with PE by a thioether bond formed with the reagent sulfo-SMCC (sulfo-succinimidyl-4-(*N*-maleimidomethyl) cyclohexane-1-carboxylate) (Pierce, Rockford, IL, USA) ([@bib12]). MOC31PE was prepared for clinical use at a concentration of 0.5 mg ml^−1^ in 20 m[M]{.smallcaps} phosphate-buffered saline (PBS), pH 7.4 and 0.1% human serum albumin (HSA, clinical grade).

Ethical
-------

The rodent studies were approved by the National Animal Research Authority and carried out according to the European Convention for the Protection of Vertebrates used for Scientific Purposes. The clinical phase I study was approved by the Norwegian Medicines Agency, by the Norwegian Regional Ethical Committee and by the institutional review board. The registration number is NCT01061645 with the study title 'Study of MOC31-PE in antigen positive carcinomas\'.

Toxicology studies in mice and monkey
-------------------------------------

The LD50 level of MOC31PE was assessed in BALB/c mice. MOC31PE (50, 100, 150, 200, 250 and 500 *μ*g kg^−1^) were administered by a single i.v. injection, given in a volume of 0.2 ml in PBS/0.1% HSA via the lateral tail vein, with a 14-day observation period. Control animals received vehicle only.

The toxicological evaluation of MOC31PE in cynomologous monkeys (*Macaca fascicularis*) was performed at Covance Laboratories Inc, Vienna, VA, USA. MOC31PE was administered as a single dose i.v. in two animals per doses (30 and 150 *μ*g kg^−1^) and two animals received repeated dose of 30 *μ*g kg^−1^ at days 1 and 7. Control animals received the drug vehicle. Parameters monitored included clinical symptoms, mortality, changes in body weight and food consumption, haematology, coagulation, and serum biochemical tests were performed on days 2, 4, 8, 15, and 21 after the first cycle. Each group was observed for at least 2 weeks post injection.

Patients
--------

Eligible patients with metastatic disease were 18 years of age or older with histologically confirmed epithelial carcinoma positive for EpCAM (CD326) by immunocytochemical/immunohistochemical staining. Formalin-fixed paraffin-embedded tumour tissue was stained with the epithelial-specific antigen (ESA) mouse monoclonal antibody (Clone VU-1D9; Novo Castra Laboratories Ltd, Newcastle, UK). For antigen retrieval low pH and microwave treatment were used, and the antibody staining performed with a 1 : 400 dilution of the primary antibody, and visualised using the Dako EnVision system (Dako, Oslo, Norway). The patients were eligible for inclusion into the study if 10% or more of the tumour cells were positive for EpCAM/ESA. The patients had to have ECOG performance status 0--2, neutrophils ⩾1.5 × 10^9^ per litre, platelets ⩾100 × 10^9^ per litre, creatinine ⩽120 *μ*mol l^−1^, total bilirubin, AST, ALT, ALP, gamma GT (GGT) and coagulation parameters (PT, PTT) all within normal range at the start of the trial.

Major exclusion criteria were clinically symptomatic CNS involvement, the use of coumarin anticoagulants, phenytoin, phenobarbital or systemic steroids, history of hepatitis B or C infection or a HIV diagnosis. Before inclusion and study-related investigations, the patients signed an approved written informed consent.

Study design
------------

The phase I dose escalation trial was performed in two parts, the first with modified Fibonacci dose escalation of MOC31PE alone until the maximally tolerated dose (MTD) was reached, and the second part was performed with dose escalation of MOC31PE and concomitant administration of Sandimmune (CsA; Novartis, Oslo, Norway). The starting dose was determined based on the toxicity in mice and non-human primates, with the toxicity in mice species determining the initial dose.

MOC31PE was diluted with 0.9% saline to a total volume of 250 ml, and infused i.v. over 20 min. This combination was repeated every second week up to four times in total. The starting dose was 0.5 *μ*g kg^−1^, and dose escalation was performed at the following schedule: 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.5 and 8.0 *μ*g kg^−1^, with at least three patients at each dose level. After an amendment, repeated administration of MOC31PE was allowed up to a total of eight in patients with partial response or stable disease. One patients received eight infusions (0.5 *μ*g kg^−1^) and one six (1.5 *μ*g kg^−1^) infusions.

In the second part of the study, MOC31PE was combined with CsA, administered i.v. over 8 h at a fixed dose of 3 mg kg^−1^ at days 0--4. MOC31PE was administered at day 1 as described above. The dose escalation of MOC31PE was performed at the following levels: 2.0, 3.0, 4.0, 5.0 and 6.5 *μ*g kg^−1^ with at least three patients treated at each dose level. The combination was repeated every second week up to four times in total. In this part of the study, AST, ALT, ALP and GGT values up to 2.5 × upper normal limit at time of inclusion were allowed. In another part of the study, CsA was administered orally, three patients per dose, 3 and 6 mg kg twice daily (morning and evening), received Sandimmune Soft Gelatin Capsules (CsA oral) at days 0--4 and MOC31PE (4 *μ*g kg^−1^) was administered i.v. at day 1.

Patient toxicity
----------------

Maximally tolerated dose was defined as the dose at which two of up to six patients experienced DLT. DLT was defined as haematological toxicity ⩾ grade 3, gastrointestinal ⩾ grade 3, hepatic ⩾ grade 4, coagulation ⩾ grade 2, neurological ⩾ grade 2, renal ⩾ grade 2 or any other ⩾ grade 3 toxicity, according to the National Cancer Institute (NCI) Common Toxicity Criteria (CTC) version 2.0.

Radiology evaluation
--------------------

Computed tomography (CT) was used to determine tumour response (CR, PR, SD, or PD) by RECIST criteria ([@bib29]). The CT scans were performed within 4 weeks before first infusion and 8 weeks after first infusion.

Pharmacokinetic analyses of MOC31PE
-----------------------------------

Blood sampling was performed pre-treatment (baseline) and at five time points after the infusion (3, 6, 12, 24 and 48 h) of MOC31PE and the serum was stored frozen until analysed in a quantitative sandwich ELISA to detect MOC31PE. A monoclonal antibody rat anti-mouse IgG1 (LO-MG1-13, Abcam, Cambridge, UK) was pre-coated onto a FluoroNunc 96-well plate. Patient serum or standard samples were added into the wells, in addition to the assay buffer ([@bib5]). After incubation with shaking for 1 h, rabbit anti-MOC31PE antibodies were added to each well. The rabbit anti-MOC31PE antibodies were affinity purified on a column with human IgG, mouse IgG, goat IgG and human albumin before use. The plate was further incubated for 2 h and washed six times with washing buffer (PBS containing 0.05% Tween-20). After washing away any unbound substances, europium goat anti-rabbit IgG was added to the wells and the plate was handled as described ([@bib5]).

Quantification of human anti-MOC31PE antibodies in serum
--------------------------------------------------------

Serum samples for assessing anti-MOC31PE antibodies were taken before dosing on days 1, 14, 28, 42 and 56 and stored frozen until measurement. In each study group, one patient\'s serum, sampling day 42, was not collected. Two patients in MOC31PE alone were accidentally omitted for serum sampling day 28. Human anti-MOC31PE antibodies were detected by using a previously described method with minor modifications ([@bib32]). Biotinylated MOC31 antibodies were attached to streptavidin-coated microplates, by incubation for 30 min with continuous shaking in room temperature. The plates were washed six times with washing buffer, as above. Patient serum or standard was diluted 1 : 4 in assay buffer ([@bib5]) with addition of 0.1% Octapharma HSA (Octapharma PPGmbH, Vienna, Austria) to each well. After incubation with shaking for 1 h, the plates were again washed six times and 150 *μ*l of europium-labelled tracer antibody conjugated to MOC31PE was added to each well. The plates were thereafter handled as previously described ([@bib32]). The anti-MOC31PE antibody values (AU ml^−1^) were plotted against a standard curve.

Assessement of the neutralising activity of anti-MOC31PE antibodies
-------------------------------------------------------------------

The neutralising effect of human anti-MOC31PE antibodies on MOC31PE-induced inhibition of cell viability was measured using the CellTiter 96 Aqueous One Solution (MTS-assay) (Promega, Madison, WI, USA). MA11 breast cancer cells were seeded in 96-well plates at 10  000 cells/well and grown to about 80% confluences in RPMI ([@bib3]). The old medium was replaced with new medium containing MOC31PE (10 ng ml^−1^) plus either serum from patients treated with MOC31PE or MOC31PE+CsA or serum sampled before treatment (diluted to 0.25%, 0.125%, 0.0625% and 0.03125% in medium) and incubated at 37 °C for 24 h. The CellTiter 96 Aqueous One Solution was then added to the wells, and the absorbance was measured 2--4 h later at a wavelength of 490 nm. The viability of MOC31PE-treated cells with MOC31PE− or MOC31PE+CsA− patient serum added were compared with the values for untreated control cells and recorded as the percentage cell viability of control cells. The assays were performed in triplicate, and repeated at least three times.

Immunomagnetic detection of micrometastatic cancer cells in bone marrow
-----------------------------------------------------------------------

Samples of 10--20 ml bone marrow (BM) were aspirated from the posterior iliac crest through aspiration needles, as described ([@bib6]). After BM aspiration, the sample was immediately assayed for the presence of micrometastatic cells. Briefly, the total number of mononuclear cells (MNCs) was counted and the immunomagnetic beads (Dynabeads M450 rat anti-mouse IgG1) coated with MOC31 antibody (IQ Products, Groningen, the Netherlands) were then added to the cell suspension (2 × 10^7^ MNCs). A sample was classified as positive when at least 10 rosetted cells (i.e., cells with membrane-bound beads) out of the total of 2 × 10^7^ MNC are present. No rosettes were observed with uncoated control beads.

Statistical analysis
--------------------

Statistical calculations were performed using SSPS version 18.0 (SPSS Inc., Chicago, IL, USA) for Windows. Mann--Whitney and Pearson\'s Chi square tests were used for statistical analysis. *P*\<0.05 was considered to be statistically significant.

Results
=======

Preclinical toxicity
--------------------

In preclinical studies, the LD50 of MOC31PE in mice was found to be 100 *μ*g kg^−1^ with an estimated LD10 of 60 *μ*g kg^−1^. According to human equivalent dose (HED), a safe starting dose in humans would be 0.5 *μ*g kg^−1^ ([@bib11]). Due to the lack of cross reactivity of MOC31 with murine EpCAM, cynomologous monkeys were used for assessing the toxicity of systemically administered MOC31PE (30 *μ*g kg^−1^) as a single dose (two animals) or two doses 1 week apart (two animals) and MOC31PE was well tolerated with no clinical signs, changes in body weight or histopathologic alterations indicating toxicity. The clinical pathology data were indicative of a hepatic insult, with elevation of liver enzymes (AST/ALT) reaching peak values within few days after administration before gradual normalisation. The 30 *μ*g kg^−1^ dose in monkeys is comparable to a dose of 10 *μ*g kg^−1^ in humans ([@bib11]).

One monkey (female) given 150 *μ*g kg^−1^ MOC31PE (HED=50 *μ*g kg^−1^) had a moderate increase in liver enzyme levels (AST (605) and ALT (362) (U l^−1^)) 2 days after treatment, and was found dead the following day. Histopathological examination showed diffuse hepatocellular degeneration/necrosis. The other monkey receiving the same dose had a transient increase in liver enzymes with a peak (AST (6480) and ALT (5160) (U l^−1^)) 4 days after drug administration before recovering. In this case, focal areas of chronic active inflammation were seen at autopsy at the end of the observation period.

Patient characteristics
-----------------------

This study was conducted in three parts. Thirty-four patients were included in the MOC31PE only part ([Table 1](#tbl1){ref-type="table"}). In the second part, IT was administered (day 1) in combination with a fixed i.v. dose of CsA (3 mg kg^−1^) at days 0--4 in 23 patients ([Table 1](#tbl1){ref-type="table"}).

In the third part of the study, a fixed i.v. dose of MOC31PE (4 *μ*g kg^−1^ day 1) was administered with CsA given orally. Three patients per dose of CsA (3 or 6 mg kg^−1^ twice daily, days 0--4) were included ([Table 1](#tbl1){ref-type="table"}).

Radiological response
---------------------

Antitumour activity was assessed by CT scan 8 weeks after the first MOC31PE administration. For the 33 patients who could be evaluated for radiological response to MOC31PE alone, no complete or partial responses were obtained, 12 (36%) had stable disease and 21 (64%) had progressive disease. One patient was not evaluated as the patient received only one dose of MOC31PE.

Twenty of the twenty-three patients treated with the combination of MOC31PE+CsA response were evaluated by CT scan, three (15%) had stable disease and seventeen (85%) had progressive disease 8 weeks after first infusion of MOC31PE. Two of the patients treated with the highest dose of MOC31PE (6.5 *μ*g kg^−1^) were not examined by CT scan, due to withdrawal from the study after the first dose (increased levels of ALT/AST). One patient at dose 5 *μ*g kg^−1^ was not evaluated by CT scan, because of the patient\'s own decision to stop treatment after two MOC31PE cycles.

Safety and MTD
--------------

The most frequent AEs were hepatobiliary laboratory abnormalities with increased levels of ALT and/or AST, peaking days 3--5, before the levels rapidly decreased to normal in all patients ([Table 2](#tbl2){ref-type="table"}).

In MOC31PE administered alone, CTC grade 3 ALT and/or AST abnormalities were detected in the first treatment cycle at dose 3 *μ*g kg^−1^, and grade 4 at 6.5 *μ*g kg^−1^. A total of 13 patients had CTC grade ⩾3 in ALT and/or AST in cycle 1, but only three of these had elevated levels (grade ⩾3) in cycle 2. None of these three patients had neutralising anti-MOC31PE antibodies in serum at week 2. Only three of the thirteen patients had transient grade 1 increase in International normalised ratio (INR). The MTD was determined to be 8 *μ*g kg^−1^, and the DLT observed was transient with AST/ALT levels returning to normal before day 14. Seven patients were included at this dose level, as one patient (normal AST/ALT) only received the first cycle of MOC31PE due to \>1.5 over normal level for GGT at the time of the second IT dose.

In patients receiving MOC31PE with concomitant CsA, grade 3 toxicity in ALT/AST levels was seen during the first treatment cycle at the 2 *μ*g kg^−1^ dose level, and grade 4 abnormalities appeared at ⩾4 *μ*g kg^−1^ ([Table 2](#tbl2){ref-type="table"}).

Fourteen of the twenty-three patients had ⩾grade 3 ALT/AST toxicity in cycle 1 and six of these had ⩾grade 3 ALT/AST toxicity also in cycle 2. Interestingly, none of these six patients developed neutralising anti-MOC31PE antibodies even after the third administration of MOC31PE. One patient, at dose level of 6.5 *μ*g kg^−1^, had elevated GGT grade 2.

The combination of MOC31PE+oral CsA was well tolerated and no co-treatment-related toxicity was registered. However, grade ⩾3 ALT/AST toxicity was observed in four patients ([Table 2](#tbl2){ref-type="table"}).

Other toxicities
----------------

No haematological or renal toxicities were observed. Clinical toxicities were mainly minor, with no CTC grade 4 events and only two with CTC grade 3 adverse events; one patient (MOC31PE alone, 4 *μ*g kg^−1^) suffered from pain and one patient (MOC31PE+CsA; 6.5 *μ*g kg^−1^) from fatigue and pain. These AEs were most likely related to disease progression, as the two patients had bone metastases and received palliative radiation therapy.

Other minor toxicities (CTC grade 2) were registered in seven patients with MOC31PE (21%) and six patients with MOC31PE+CsA (22%) (data not shown). Most of the patients with grade 2 nausea, fatigue or anorexia had these adverse events due to CsA treatment, as they appeared before MOC31PE administration. No adverse events were reported with oral CsA medication. With regard to s-albumin, creatinine, bilirubin, CRP and alkaline phosphate levels only grade 1 toxicities were noted, except that one patient in MOC31PE+CsA (MOC31PE 2 *μ*g kg^−1^, cycle 2) had elevated bilirubin, from 10 to 39 *μ*mol l^−1^ (grade 2) on day 7 in cycle 2.

MOC31PE pharmacokinetics
------------------------

The serum level of MOC31PE 3 h post treatment increased with increasing doses ([Figure 1](#fig1){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). At 0.5--2 *μ*g kg^−1^ MOC31PE alone, the measured serum level was 8.1 (s.d.=3.6) ng ml^−1^. For most patients at dose levels of 3--6.5 *μ*g kg^−1^, the serum contained \>10 ng ml^−1^ of MOC31PE, even as late as 12 h post treatment (not shown). Cyclosporin had no influence on MOC31PE serum level ([Table 3](#tbl3){ref-type="table"}). The pharmacokinetic curves for MOC31PE at doses from 3 to 6.5 *μ*g kg^−1^ showed similar slopes ([Figure 2](#fig2){ref-type="fig"}). The Mann--Whitney Rank sum test on each dose level does not detect any significant difference between the MOC31PE and the MOC31PE+CsA groups. However, the results should be interpreted with caution due to the small number of patients at each dose level.

No serum sample was taken immediately after MOC31PE administration, but estimation of a distribution volume of 3.33 l may be used for predicting the initial dose ([@bib13]). The estimated initial concentration would be 137 ng ml^−1^ for a 70 kg patient given 6.5 *μ*g kg^−1^ of MOC31PE. The measured MOC31PE concentration at 3 h post treatment was ∼60 ng ml^−1^, suggesting that the half-life of MOC31PE is around 3 h ([Figure 2](#fig2){ref-type="fig"}).

CsA delayed anti-MOC31PE antibodies development
-----------------------------------------------

The presence of neutralising anti-MOC31PE antibodies in serum was examined in a MOC31PE-induced cytotoxicity assay (MTS assay) ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Figure 1a and b](#sup1){ref-type="supplementary-material"}). In the presence of anti-MOC31PE antibodies in the serum, the cytotoxic effect of MOC31PE would be partly or fully neutralised.

In MOC31PE alone study, 2 weeks after the first cycle with MOC31PE treatment, 9 of the 29 patients (31%) had developed neutralising anti-MOC31PE antibodies, compared with only 19% (4 of 21 patients) in MOC31PE+CsA, most likely reflecting the immunosuppressive function of CsA ([Figure 3](#fig3){ref-type="fig"}). However, the statistical difference was not significant. This effect was even more pronounced 2 weeks after the second cycle, where 77% (24 of 31) of the patients treated with MOC31PE alone had neutralising antibodies, compared with only 29% (6 of 21) of the patients receiving MOC31PE and CsA, *P*\<0.05. Moreover, at 6 weeks after treatment start (third cycle of MOC31PE), almost all of the patients in MOC31PE alone had developed antibodies (27 of 28) whereas the immunosuppressive effect of CsA was still clear, as only 50% (10 of 20) of these patients had antibodies, *P*\<0.05. With an ELISA, we measured the levels of anti-MOC31PE antibodies (data not shown). The ELISA data showed an overall accordance to the MTS data. Fetal calf serum and serum from healthy volunteers had no effect on MOC31PE-induced cytotoxicity in MA11 cells (data not shown).

Presence of micrometastatic cancer cells in BM
----------------------------------------------

Bone marrow samples, four out of six patients treated with 4 *μ*g kg^−1^ of MOC31PE and three out of five patients treated with 5 *μ*g kg^−1^, were taken in the MOC31PE+CsA study at baseline and 2 weeks post treatment ([Figure 4](#fig4){ref-type="fig"}). No obvious cytotoxic effect of MOC31PE on the presence of micrometastatic cells in BM was detected in patients treated with 4 *μ*g kg^−1^ of MOC31PE. Interestingly, at 5 *μ*g kg^−1^ of MOC31PE the number of EpCAM-detected tumour cells decreased from baseline to 2 weeks post treatment by 36%, 74% and 91%. These patients had no anti-MOC31PE antibodies even after four cycles of MOC31PE, indicating that MOC31PE most likely was cytotoxic in all cycles. Mainly due to the lack of consent for BM sampling, none of the patients treated with higher doses of MOC31PE were examined for micrometastatic cancer cells.

Discussion
==========

In this phase I trial, we have shown that the EpCAM-targeting MOC31PE could safely be administered i.v., and it was well tolerated, both given alone (34 patients) and in combination with CsA (29 patients). Cyclosporin effectively delayed the development of neutralising anti-MOC31PE antibodies, thereby allowing for repeated IT administration.

With the lack of an overall benefit reported in clinical trials with modified and recombinant ITs, we hypothesised that the native functional domains of the toxin should be intact for optimal stability and cytotoxicity, and therefore we developed and characterised our unmodified IT. Based on extensive and promising preclinical studies *in vitro* and in experimental human tumour models *in vivo*, we initiated and performed a successful clinical phase I study with MOC31PE in patients with advanced carcinomas. To avoid accumulated toxicity, an administration schedule with IT infusion every other week was chosen. Interestingly, only 3 out of 7 patients treated at the MTD had AST and/or ALT \>5 × the upper limit of normal, and the toxicity was limited to a transient increase in serum transaminases. Apart from hepatotoxicity, only two patients were recorded with grade 3 AEs, fatigue and pain, and these AEs were most likely related to disease progression and not MOC31PE according to the clinical disease present.

The adverse event profile of antibody-based drugs varies depending on composition, drug target and the individual patient. MOC31PE recognises the EpCAM antigen that is frequently and highly expressed on epithelial carcinomas. The effect of liver function tests could be attributed to the expression of EpCAM on the small bile ducts ([@bib34]). However, in normal tissue, EpCAM is arranged in a complex with several interacting proteins and is localised to basolateral membranes. The accessibility for EpCAM-binding antibodies is lower in normal cells than in cancer cells where EpCAM might be better accessible for targeting antibodies ([@bib27]). Furthermore, MOC31PE is highly selective for malignant cells, with low toxicity to normal tissues in part due to 'shielding\' of EpCAM by the organisation of the surface of the normal epithelial tissues. EpCAM is an interesting target also as EpCAM-positive cancer cells are proposed to be more aggressive than EpCAM-negative cancer cells ([@bib31]; [@bib27]), whereas some groups have reported its expression to be downregulated in, for example, circulating tumour cells ([@bib23]; [@bib28]). However, our data on breast cancer lymph node cells show EpCAM positive even in tumour cells having undergone epithelial--mesenchymal transition ([@bib30]). In addition to the MOC31PE alone study, we expanded the phase I trial to include CsA (3 mg kg^−1^ i.v) in combination with MOC31PE. We recently published that CsA efficiently reduced the neutralising anti-IT antibody response when IT was repeatedly administered in immunocompetent animals. Cyclosporin has been shown to enable repeated administration of monoclonal antibody therapy in patients by reducing the human anti-mouse antibody (HAMA) response ([@bib16]; [@bib33]).

No objective tumour response (complete or partial remission) was seen by CT scan 8 weeks after the first MOC31PE infusion. Based on the present knowledge on response to repeated immunotherapy treatment, it is possible that the clinical benefit of the treatment may be underestimated based on only the CT at week 8. In the MOC31PE alone study, 12 patients (36%) had stable disease compared with only 3 patients (15%) in the MOC31PE+CsA part. However, the incidence of stable disease shows no dose dependency in either the MOC31PE or MOC31PE+CsA arm. Because of the low number of patients at each dose, no clear conclusion can be drawn. Our results imply that the combination of IT+CsA in the clinic may have a promising potential allowing repeated administration of MOC31PE, which is considered to be a necessity for significant anticancer effects in non-haematological cancers. Of note, also oral CsA reduced antibody formation against MOC31PE, and is a more convenient administration for the patient compared with 8 h i.v. infusion. The presence of micrometastatic cells has been shown to have a prognostic value in patients with metastatic disease ([@bib17]), and EpCAM is a commonly used antigen for detection of circulating tumour cells ([@bib9]; [@bib30]; [@bib26]). This potential surrogate marker might be used to evaluate treatment response to anti-EpCAM targeted therapy. In three patients given 5 *μ*g kg^−1^ of MOC31PE+CsA, we detected a reduction in micrometastatic cells after treatment. However, too few patients were included to conclude that this was due to MOC31PE antitumour activity.

Another EpCAM-targeting molecule is catumaxomab, a tri-functional antibody. However, there are major dissimilarities between the two drugs mode of action. Catumaxomab must bind three different cell types to exert its effects ([@bib8]). MOC31PE has an advantage in a 'simpler\' mode of action, requiring only recognition of EpCAM-expressing cancer cells.

In conclusion, we have demonstrated that the EpCAM targeted IT MOC31PE can safely be administered i.v. and we present a new strategy permitting administration of repeated doses of IT therapy, viz. by combining IT with CsA to delay the development of neutralising anti-IT antibodies. The encouraging results of this study warrant a phase II study to further examine the potential of MOC31PE as a new anticancer drug. Based on the observed toxicity in this study, the recommended dose for a phase II study will be 6.5 *μ*g kg^−1^ for MOC31PE and 5 *μ*g kg^−1^ for MOC31PE+CsA.
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![**Treatment and blood sampling schedules.** MOC31PE was administered as an i.v. infusion every second week, either alone or the day after the first administration of cyclosporin (CsA). CsA was given either i.v. injection or orally, once daily for 5 consecutive days, every second week. Blood sampling for pharmacokinetic studies was done before MOC31PE infusion and 3, 6, 12, 24 and 48 h after infusion. Blood samples for measuring anti-MOC31PE antibodies were drawn before MOC31PE infusion and every second week before new MOC31PE infusions.](bjc2015380f1){#fig1}

![**Pharmacokinetics of MOC31PE alone.** The plasma levels of MOC31PE were analysed at time points 3, 6, 12, 24 and 48 h after i.v. injection of MOC31PE. The dose of MOC31PE was 3, 4, 5 and 6.5 *μ*g kg^−1^ (*n*=2--3 patients/time point). Non-parametric testing using the Mann--Whitney Rank sum test on each dose level does not detect any significant difference between the groups.](bjc2015380f2){#fig2}

![**MOC31PE-induced anti-MOC31PE antibody generation was suppressed by CsA.** The results from serum taken pre-treatment and at days 14, 28 and 42 post treatment are summarised, and the bars show percentage of patients with anti-MOC31PE antibodies. Black bar, MOC31PE alone. Grey bar, MOC31PE+CsA i.v. Each individual serum sample was analysed in triplicates, and at least two independent experiments were run. The Chi-square statistical analysis at both day 28 and day 42 showed significance, *P*\<0.05, but not on day 14.](bjc2015380f3){#fig3}

![**Detection of EpCAM-positive cells in bone marrow samples from patients pre- and 2 weeks post treatment with MOC31PE+CsA.** Each line indicates the number of identified rosetted EpCAM-positive cells. The patients received MOC31PE 4 *μ*g kg^−1^ BW (**A**). The patients were given MOC31PE 5 *μ*g kg^−1^ BW (**B**).](bjc2015380f4){#fig4}

###### Baseline characteristics of patient populations

                                      **MOC31PE alone**   **MOC31PE+CsA i.v.**   **MOC31PE+CsA per os**
  ---------------------------------- ------------------- ---------------------- ------------------------
  Patients, *n*                              34                    23                      6
  Age (range)                            57 (40--75)          63 (47--78)             65 (59--71)
  **Sex,** ***n*** **(%)**                                                      
  Women                                    14 (41)              11 (48)                  3 (50)
  Men                                      20 (59)              12 (52)                  3 (50)
  **ECOG**, ***n*** **(%)**                                                     
  Grade 0                                  25 (74)              14 (61)                  2 (33)
  Grade 1                                  9 (26)                8 (35)                  4 (67)
  Grade 2                                   0 (0)                1 (4)                   0 (0)
  **Tumour type,** ***n*** **(%)**                                              
  CRC                                      15(44)               18 (78)                  4 (67)
  NSCLC                                    12 (35)               3 (13)                  0 (0)
  Pancreatic                                3 (9)               1 (4.5)                  2 (33)
  Other                                    4 (12)               1 (4.5)                  0 (0)

Abbreviations: CRC=colorectal cancer; CsA=cyclosporin; ECOG=eastern cooperative oncology group; i.v.=intravenous; NSCLC=non-small-cell lung cancer.

###### Number of patients with adverse events after first cycle of MOC31PE

                                        **MOC31PE**   **MOC31PE+CsA i.v.**   **MOC31PE+CsA per os**                                                  
  ------------------------------------ ------------- ---------------------- ------------------------ --- --- --- --- ----- --- --- --- --- --- ----- ---
  MOC31PE (*μ*g kg^−1^)                     0.5                1                      1.5             2   3   4   5   6.5   8   2   3   4   5   6.5   4
  Total patients included                    3                 3                       3              3   3   3   3    6    7   3   3   6   5    6    6
  AST/ALT Grade 3 (*n*=patient)              0                 0                       0              0   2   2   2    3    1   2   1   1   1    3    3
  AST/ALT Grade 4 (*n*=patient)              0                 0                       0              0   0   0   0    1    2   0   0   1   2    2    1
  Pain/fatigue Grade 3 (*n*=patient)         0                 0                       0              1   0   0   0    0    0   0   0   0   0    1    0

Abbreviations: AEs=adverse events; AST=aspartate aminotransferase; ALT=alanine aminotransferase; CsA=cyclosporin; i.v.=intravenous.

The first row shows the dosage of MOC31PE administered in the different substudies. Second row shows the total number of patients per dose level included at each MOC31PE dose. Third row shows the number of patients with clinical grade 3 toxicity and fourth row shows the number of patients with clinical grade 4 toxicity determined by elevated AST and/or ALT levels per MOC31PE dose level. The last row shows the other grade 3 AEs observed. No other AEs than hepatotoxicity in MOC31PE+CsA per os were observed. The criteria for toxicity are according to the National Cancer Institute Common Toxicity Criteria version 2.0. Grade 3 is determined as 5--20 times increase and grade 4 is determined as a more than 20 times increase of AST and/or ALT in blood compared with upper normal limit.

###### Plasma concentration of MOC31PE 3 h after the first administration cycle of MOC31PE as measured by ELISA

  **Dose level (*****μ*****g** **kg**^−1^)    **No. of patients with serum samples taken in MOC31PE alone**   **MOC31PE in serum 3 h post treatment (ng** **ml**^−1^)   **No. of patients with serum samples taken in MOC31PE+CsA i.v.**   **MOC31PE in serum 3 h post treatment (ng** **ml**^−1^)
  ------------------------------------------ --------------------------------------------------------------- --------------------------------------------------------- ------------------------------------------------------------------ ---------------------------------------------------------
  0.5                                                                       2                                                          3, 5                                                            0                                                               
  1.0                                                                       3                                                        5, 9, 11                                                          0                                                               
  1.5                                                                       3                                                        4, 13, 13                                                         0                                                               
  2                                                                         3                                                        6, 9, 11                                                          3                                                         16, 18, 35
  3                                                                         2                                                          7, 41                                                           2                                                           13, 28
  4                                                                         3                                                        9, 30, 47                                                         2                                                           19, 55
  5                                                                         3                                                       44, 49, 51                                                         2                                                            9, 49
  6.5                                                                       2                                                         56, 63                                                           3                                                         52, 58, 73

Abbreviations: CsA=cyclosporin; i.v.=intravenous.

No serum samples at MOC31PE 8 *μ*g kg^−1^ were collected.
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